With the increasing stratification of customer preferences, companies must offer a number of options to remain competitive. Current methodologies, such as product families, seek to offer more options to the consumer while minimizing costs to the company. Customizable products are striving to offer the customer what they truly desire by increasing the level of influence the consumer has on their instance of the design. As the shift from cosmetic changes and modular options continues, systems will be required to have a greater amount of design flexibility to allow for the changes made by individual consumers. Drawing on reconfigurable system and product family research, metrics for flexibility are proposed for use in the early stages of the design process. Discussion focuses on functional aspects of a product which affect flexibility and the rational behind the component metrics representing their flexibility. The goal of the metrics is to assist with the evaluation of design options by rating the overall flexibility of the system early in the design process. A case study is presented to demonstrate the use of the metrics.
INTRODUCTION
No two consumers are identical -there are typically differences in personal preference (even if these are subtle), physical ability, or anatomy which introduce a certain degree of compromise when a system or product is designed for a group of consumers, rather than an individual one. This is a result of the fact that few consumers will share the exact preferences, or have the same abilities and anatomy as those used as the basis for a given design. While design tradeoffs are inherent in product design, it is possible to allow the consumer to control certain aspects of the design process in order to tailor the tradeoffs to match their preferences, developing a customized design.
Custom made products should offer performance characteristics which will better satisfy the unique requirements of each consumer, which requires their direct involvement within the design process. What is possible is not always economically feasible, and allowing consumers to control aspects of the design process creates numerous design process challenges. With the goal of creating a product that performs at or above the consumer's expectations, it is important to guide the consumer through the specification of the system requirements, as this will determine the final product. However, to deliver a product which can be labeled as "custom," there must be enough flexibility designed into the core configuration to support that customization in an economically sound way so that the product is still profitable.
Mass customization as discussed by Pine, is intent on bringing success to a company by providing a product that better satisfies each individual consumer's needs while maintaining affordable prices [1] . Product families with modular options and reconfigurable/changeable systems are two potential methods for delivering products that better satisfy the unique needs of each consumer [2, 3] . However, there are tradeoffs associated with both approaches which present areas for future work.
Product families offer a variety of options, but do not necessarily allow consumers to make decisions as to what the product variants are -the engineers determine the variants to satisfy different areas of the market. Work has been done on investigating how much flexibility should be built into a product platform due to uncertainty in the market, but this is to facilitate future revisions, not offer more choices to the consumer [4] . If we examine the Xbox 360 video game console, we see that there are currently three standard models (variants) available, which have different hard drive capacities, video connections, etc. [5] . However, there will likely be consumers that prefer a different combination of these features. Reconfigurability and changeability offer different complications when these are used for customization.
Pine refers to the use of reconfigurable or changeable systems as adaptive customization [3] -the user configures the final product upon receiving it based on what they determine to be best. For example, as shown in Figure 1 , a bicycle typically has the ability to adjust the height of the seat and to a limited extent the handle bar height to improve rider fit. However, there are some limitations with this approach.
Figure 1. Reconfigurability for User Interaction
A changeable or reconfigurable system places more responsibility on the consumer to know how to properly adjust the system. Also, this approach can lead to suboptimal designs. For example, there is typically a certain amount of mass that is required to make a system reconfigurable [6] , which can have an impact on mass sensitive products (e.g., road bicycles, assistive devices, etc.). Another approach is to use a general design that is capable of satisfying the requirements for a large number of consumers, but is not tailored to any specific one; many products are generic enough to satisfy the main requirements of a consumer, but exactly match few consumers [7] .
Mass customization strives to match the needs and wants of the individual consumer. However, to complete this in an economically feasible manner there must be a basis for the design which can then be modified to accommodate individual preferences -this requires a flexible design. In order to determine if a design is flexible, a metric is helpful. This work proposes a set of metrics which uses early design information to evaluate the flexibility of a proposed product architecture in the early stages of the design process.
FLEXIBILITY IN PRODUCT DESIGN
Flexibility has been used to refer to how easily an aspect of a system can be changed [8] . Saleh adds the constraint of time: "A corollary of our definition of flexibility is that a flexible system can be modified in a timely and cost-effective way in order to satisfy different requirements at different points in time." [9] When developing a system for mass customization, flexibility is required because the consumer is specifying design requirements that the system must achieve; detailed dimensions for user interfaces may also be specified. At this point, the system has essentially been "fielded" as the engineers are no longer in the design loop, which means the system must be able to adapt to meet the specified requirements.
In [10] it is stated that "The ideal flexible system is one where all of the variables are (potentially) actively adaptable. However, for complex systems, it is highly unlikely that all design variables will be capable of being adaptable. For this reason, robustness is an important aspect of a flexible system design." While robustness may be one method of meeting requirements, the more robust design is sought as a solution for fulfilling subsystem ranges, the farther the design moves away from a customizable system. Robust design strives to make a system insensitive to operating conditions, rather than adapt to a change in operating conditions [11] . This means it is more desirable to identify the areas which require flexibility, and build a system that can meet these needs.
In [12] , there are three aspects of flexibility identified for mechanical systems that must be taken into consideration: mass, length, and time dimensional flexibility.
Mass Dimensional Flexibility:
Allows for the addition, or removal, of elements in the form of hardware, personnel, or software.
Length Dimensional Flexibility: Allows for geometric changes within the system after fielding.
Time Dimensional Flexibility: Provides both increased freedom when making decisions about the values of the design and reduces the time required for redesign by utilizing easily modified architectures.
Mass dimensional flexibility is especially important if the approach to customization is through modular subsystem options. However, to add or remove functionality it is likely that hardware or software will have to be added or removed, regardless of the customization approach. Length dimensional flexibility is particularly important when the consumer is allowed to customize the geometrical aspects of the product, but is also needed to account for changes in product architecture due to changes in design requirements. Mass customizable systems are impacted by time dimensional flexibility in two ways. First, the manufacturing process, which is not addressed here, must be fast enough that it is not inconvenient for the consumer to obtain the customized product. Second, the automation of the customization process must be able to quickly handle consumer input (which is not addressed here either). It is important to note that these types of flexibilities are independent of each other, and the overall system flexibility should be an aggregate measure of the different flexibilities.
With work being done on establishing design principles for flexible products [13] , the question of "Where do I need to add flexibility?" is raised. Further, "How much flexibility is needed?" is an even harder question to answer. While work has been done on evaluating flexibility in product design, many of the available metrics require a large amount of prediction and experience [14, 15] . By assessing aspects of the product architecture quantitatively early in the design process, the hope is areas requiring more flexibility can be adjusted before it becomes more costly to do so.
Product architecture has been generalized by Ulrich [16] as "the scheme by which the function of the product is allocated to physical components." including the following stages:
the arrangement of functional elements, the mapping of functional elements to physical components, and the specification of interfaces between physical components. The flexibility in the initial product architecture will largely determine the overall flexibility of the final system. While establishing a function structure does not limit the flexibility of a system, it is the foundation for the product architecture.
As the functional model is refined (expanding the initial functions into secondary and tertiary levels), areas where the functional model could vary should also be evaluated, as one function structure could result in a more flexible architecture after the last two stages have been completed. Methods of functional modeling and mapping have been explored by a number of individuals; an overview and synthesis can be found in [17] . The next stage of the product architecture planning process, mapping functions to components, is where inflexibilities start to surface in the design.
As components are mapped to functional elements, the designers begin to add limitations on the systems capabilities. The goal of the proposed flexibility metrics is to examine multiple options in this mapping and interface process to determine which product architecture is more flexible. For example, when a system is evolving through the later stages of conceptual design and early stages of embodiment design, a designer may have multiple concepts which they have to choose from [18] . This is where flexibility metrics can help. The method used for planning the customization process does not matter. For example, if a company is following the Mass Customized Product Platform Development method [19] , they could still benefit from evaluating the flexibility after they enter the conceptual stages of the design process.
Methods have been developed to assess the flexibility of products for customization and future evolution. The Generational Variety Index looks at product architecture and determines flexibility for evolution based on estimation from engineering experience [15] . Change Modes Effects Analysis is aimed at determining flexibility from a manufacturing standpoint, assessing the cost of changes and their propagation [14] . This again uses the engineer's intuition to determine the likelihood, but includes the affects of increasing functionality. The goal of the proposed flexibility metrics is to utilize early quantitative design information that is available in the conceptual and embodiment stages of design to evaluate the ability of the proposed product's architecture to adapt to specific consumer requirements -essentially measuring the system's flexibility for mass customization. Quantitative metrics for flexibility would provide designers with the ability to compare multiple designs for evaluation, as well as offering the potential for benchmarking and developing heuristics as the flexibility metrics become more mature.
TOWARDS FLEXIBILITY METRICS
Admittedly, flexibility is difficult to evaluate and perhaps impossible to measure directly. It is suggested that discrete, tangible aspects of the design be used in evaluating flexibility. These refer to measurable design parameters such as lengths, flow characteristics, signals, etc. By minimizing ambiguity in the values used to evaluate the flexibility of a design, the results should be reproducible and objective.
There are several key areas that affect the flexibility of a system. Flows between subsystems (Section 3.1), the connections between subsystems (Section 3.2), and the geometry of a system (Section 3.3) all affect the overall flexibility of the architecture. The information associated with these main aspects of product architecture starts to become quantifiable in the late stages of conceptual design and early stages of embodiment design, which makes it ideal for flexibility metrics that are to be used early in the design process. Aspects that are not addressed are things such as cosmetic changes (e.g., component color), which are likely to affect the manufacturing process more than the actual performance.
Information from the proposed system architecture is used to examine the potential flexibility of the system. This is done by examining the range of flows which can be achieved by the components in the architecture, as well as examining the layout of the system itself.
The following subsections discuss the proposed metric for each of the three areas. Each section ends with an example of how the metric is applied, by demonstrating the metrics on a case study of the Sunbeam Model 3261 coffee maker. The coffee maker is dissected and information that would likely have been present in the conceptual and embodiment stages of design is obtained and used in the evaluation. The coffee maker is ultimately evaluated on its ability to take on added functionality or remove functionality if it is undesirable or unnecessary.
SUBSYSTEM FLOWS
Most systems will have at least one flow within the system. Flows will pass between subsystems in the form of energy, material, or signal and are classified similarly to the method used by Pahl and Beitz [18] . Any single flow which fulfills more than one primary function should be decomposed into an appropriate number of flows. For example, the flow to a speaker should be decomposed into a signal flow and electrical energy flow.
In general, a flow does not have distinct characteristics which affect system flexibility. While exceptions to this exist, the subsystems or components that are associated with the transmission and manipulation of a flow are typically what limit the allowed flow potentials. For this reason, the characteristics of the flows that can be handled by subsystems are evaluated. Consider an electric motor; it has a certain electrical load that it can safely handle (i.e., a certain voltage and current) and a certain amount of mechanical energy it can deliver based on the physical limitations of the motor.
The various ranges of flow characteristics that a subsystem can handle are compared to target ranges to evaluate the flexibility of a flow, and thus transitively the component associated with it. The target ranges of the flow characteristics form an ndimensional space which the subsystem (or group of subsystems if modules are used) tries to cover. Again referring to the motor, if the desired current range exceeds the capabilities of the selected motor, offering two different motors may be required to meet the desired range of flow characteristics.
For the proposed system architecture a functional model can be prepared, as well as the mapping of the different functions to subsystems. An example of a detailed functional model is shown in Figure 2 . It can be seen that the flows of energy and mass are captured by the functional model. After these functions are mapped to components, the population of a Flow Analysis Table is The Flow Analysis Table ( shown for the case study in Table A1 of the Appendix) is a recommended tool used to investigate the mapping of flows and how well a proposed architecture can handle the range of flow characteristics required to reach desired performance levels. The target ranges that a subsystem should be able to handle for a flow from another subsystem are found across the rows. The column header specifies the origin of the flow, while the row specifies the receiving subsystem; this is a scheme similar to the one used by [21] for change propagation analysis. The upper and lower flow property limits of a subsystem are listed on the diagonal for all the flows that will enter that subsystem. For example, in Table A1 of the Appendix it can be seen that the Heating Assembly for the coffee maker will ideally be able to deliver 1200 Watts to the Warming Plate Assembly. Looking at the capabilities of the Warming Plate Assembly (up to 2400 Watts), this range can clearly be handled.
The metric used for evaluating a particular subsystem is the percentage of the target space which can be realized by the subsystem. If the desired target space is covered by the proposed configurations, the system has perfect flexibility from a flow standpoint, which carries a value of one. Currently, the mapping between the target space (located in the design space) and the flexibility (located in the performance space) is assumed to be linear. This relationship may not be valid for all cases, and future work will be aimed at incorporating nonlinear relationships. Table 1 shows a possible coverage scenario for a flow. While the three proposed configurations cover the individual desired target ranges, Figure 3 illustrates the fact that the different configurations actually span a fairly limited portion of the desired characteristic volume, which is defined by the three flow characteristics (C1, C2, and C3). Although it does not occur in this example, it is possible that a given volume of the target space can be covered by more than one configuration. When evaluating the percentage of the volume that is covered, areas which are covered by multiple configurations are only counted once. Upon completing the flexibility rating for each of the subsystems, the designer is able to better understand which subsystem solutions (i.e., modules, changeable subsystems, etc.) may need to be redesigned to better fulfill the target ranges, as an individual rating has been calculated for each subsystem. The individual flexibility ratings for the subsystems can be averaged to use in the comparison of two potential design solutions if the flexibility of all subsystems is equally important. Otherwise, relative importance information can be used in the aggregation of the subsystem scores.
Examining the coffee maker, it can be seen that there are two primary flows for this system: a material flow and an energy flow (See Table A1 in the Appendix). The customization of this product does not impact the flows significantly. As increased controls are added, the product will draw slightly more current, but it is capable of handling this without modification. Because only one configuration is proposed, visual inspection of the flows is possible, however an example for the Upper Housing is shown in Table 2 for clarity. Since there is only one configuration and one flow, the Flow Flexibility reduces to Equation 1b. Since the subsystems are robust enough to handle all of the target ranges, the resulting flow flexibility rating is 1.0. While the Flow Flexibility is as high as it can be, the interfaces responsible for transmitting these flows and holding the system together also affect the flexibility.
Table 2. Example Flow Flexibility Calculation

SUBSYSTEM INTERFACES
The connectivity of subsystems required for functionality is accomplished through a series of interfaces, some of which are responsible for transmitting flows. The following definitions characterize the relevant interface lexicon:
Interface: any area where two subsystems meet and interact with each other, which may or may not include the transmission of a flow.
Connection: an interface which enables a flow to cross subsystem boundaries.
General interfaces are discussed first in Section 3.2.1, with a more detailed discussion of connections following in Section 3.2.2.
GENERAL INTERFACE ANALYSIS
It is understood that subsystems often require interfaces to secure themselves to other parts of the system and transmit flows [22] . However, each interface is a potential bridge for changes to propagate into other subsystems, and "the greater the connectivity between systems, the greater is the chance that a change to one system leads to changes in other systems." [23] Furthermore, if a subsystem is to be modular, each module must match or handle the other interfaces, which will likely be harder to accomplish as the number of interfaces increases. Therefore, in order to maximize the flexibility in a product, interfaces should be limited to those necessary for functionality. This is similar in principle to Suh's Independence Axiom [24] .
In the case of the brake lever shown in Figure 4 , there are three interfaces, two of which are also connections (the connections to the brakes and rider are boxed). All of these interfaces are required for functionality. The interface which is required to mount the brake lever assembly to the handle bars is circled. Upon examination, there is also a degree of flexibility in the interface. By using a flexible material (aluminum) the interface can expand or contract to fit a range of handlebar dimensions. The flexibility of an interface is an area of future work; this information is probably not known in early stages of design, but its evaluation may be possible later in a design process.
Because not all interfaces are equal in importance, it may be desirable to relax flexibility penalties on certain ones, which is also an area of future work. The motivation for this is that some interfaces are required for a system to function. Just as some commonality indices for product families relax the commonality penalty for certain components [25] , it may make sense not to penalize or penalize less an interface that all potential design solutions require (e.g., a human-system interface such as the handle bars on a bike).
Figure 4. Interfaces on Brake Lever Assembly
By evaluating the proposed interfaces in a system, it is possible to identify interfaces which may not be required. Furthermore, subsystems which contain a high number of interfaces are areas of concern when it comes to ensuring there is sufficient flexibility. Table A2 in the Appendix shows the matrix for the Number of Proposed Interfaces between subsystems for the case study, where entry NPI ij is the number of proposed interfaces between subsystem i and j. This highlights the subsystems which have a high number of interfaces. This completion of this table serves to start quantifying the interface information. But as a secondary benefit, when compared to a mapping of required interfaces (shown in Table A3 of the Appendix), it allows engineers to identify interfaces which may not be needed; NRI ij is the number of interfaces required between subsystems i and j by subsystem j. The analysis of the proposed architecture for the coffee maker in Table A3 shows that the lower housing has the highest number of proposed interfaces (five). This is a potential area where flexibility should be improved as customization of other subsystems (e.g., the controls) will likely require it; the geometric flexibility of the lower housing will be captured in the analysis of the proposed product geometry, and is of particular interest due to the number of interfaces. The calculation for the general interface flexibility is shown below for the case study. 
SUBSYSTEM CONNECTIONS
A connection is an interface where one or more flows cross subsystem boundaries or the overall system boundary (i.e., input or output to or from the outside world). A physical connection is not necessarily required for the transmission of a flow. For example, in some coffee makers, the coffee comes out of the percolator and drips into the carafe. However, there will still be limitations in the transmission capabilities.
When a physical connection is involved, there are two main options -use an industry standard connection or use a custom designed connection. Standard connections have set geometric sizes, which introduce additional design constraints. However, the geometry of connections is not addressed by the metric, only the flow capabilities are. Flexibility ratings for connections are based on the range of flows they can handle. Just as the subsystems should be able to cover the target flow characteristics, the connections should be able to deliver flow characteristics that are at least equal to the limits of the receiving subsystem, provided these limits are in the target range. For this reason, the limits of the receiving subsystem within the target range for the subsystem are used as target ranges to normalize the connection ranges. This helps gauge the flexibility of the connections going to that system, which is based on the percentage of the target space that can be met. Upon evaluating the abilities of the connections between subsystems, it is possible to identify connection scenarios which may be limiting the capabilities of a given system. Ideally a product will be limited only by the capabilities of the subsystems, which means the connection flexibility would be perfect (a value of 1) across all subsystems. This is the case with the coffee maker used in the case study.
While there is only one proposed configuration for the connections of the subsystems, what is proposed is robust enough to handle the target ranges for all of the flows, resulting in a connection flexibility rating of 1.0 The connection information is in Table A4 of the Appendix; an example calculation of the Connection Flexibility for the Control Assembly is shown in Table 3 . Since there is only one connection option and one flow, the Connection Flexibility reduces to Equation 3b. However, even if the subsystems have the capability to transmit and handle all the desired flows, the geometry of the system must be capable of handling the changes as well. 
SYSTEM GEOMETRY
The ability of a product's subsystems to change their geometry or be displaced impacts both the mass and length dimensional flexibility of a system. A subsystem's (or component's) ability to expand or contract is determined by both the limitations of the subsystem itself and the surrounding subsystems. While design techniques can be used to develop solutions to change a subsystem (e.g., Principles and Facilitators of Reconfigurability [6] ), limiting the available options for the expansion of a subsystem imposes further constraints on its design.
Geometric flexibility affects the system's ability to accommodate users of different sizes, add additional/alternate functionality, or increase the performance of current functions. In order to determine which subsystems are constrained, and which subsystems are imposing the constraints, a mapping of geometrical restrictions is proposed. Early evaluation of flexibility gives the potential for the design team to identify a particular design concept as a principle solution, or more generally areas of a product architecture which require more flexibility before a significant amount of rework is required.
At the time of evaluation, detailed geometric data, such as final dimensions and tolerances, may not be known. However, the general product configurations have been identified, and engineers should be capable of numerically estimating the abilities of a given subsystem to expand/contract, as well as how much room is between the subsystems (or components). While some subsystems may not have to be or cannot be adjusted to customize a product, other subsystems will have target adjustability ranges of geometric dimensions which allow different performances to be achieved.
The purpose of this flexibility metric is to evaluate the proposed product layout and identify if the proposed geometry has a good chance of fulfilling the requirements easily. A subsystem's ability to expand as well as contract has to be determined, which leads to the creation of two matrices, an Expansion Restriction Matrix and a Contraction Restriction Matrix. These are created by estimating the amount of space available for change.
Tables A5 and A6 in the Appendix respectively show the Expansion Restriction and Contraction Restriction Matrices for the coffee maker case study. The column header specifies the constraining system, while the row entries show the geometric space available for the subsystem to expand or contract. For example, in Table A5 the Heating Assembly can expand two inches in the positive or negative x-direction before it is constrained by the Lower Housing. The diagonals of the matrices indicate the target ranges for the individual subsystem dimensions to expand or contract. In Table A5 , it can be seen that the Heating Assembly ideally should be able to expand half an inch in both the positive and negative x-direction. These matrices are used to evaluate and identify subsystems which may require more geometrical flexibility. To evaluate the flexibility of a system layout, the ability of the subsystem to meet the target ranges is evaluated.
To do this, the most restrictive subsystem is identified and compared to the target range. The most restrictive subsystem may not be obvious, as subsystems often will be competing for space. Competing subsystems can be identified by comparing restrictions across the diagonal. If two subsystems are constricting opposite directions of the same dimension (such as the Heating Assembly and the Control Assembly in Table A5 ) then those two subsystems are competing for the space. The available space must be able to fulfill the expansion requirements of both subsystems. If it cannot do this, then the difference (desired space -available space) is an additional limitation imposed by the competing subsystem on the desired range, which is then used to determine the most restrictive subsystem.
Once the strictest constraints are determined, the percentage of the desired geometric flexibility envelope can be determined for each dimension requiring flexibility, where the average of these is used as the metric for expansion and contraction flexibility (expressed in Equation 4 for the i th subsystem). To obtain the overall geometric flexibility, the expansion and contraction flexibilities are averaged. If a subsystem does not have to expand or contract in any dimension, it is not entered into the overall flexibility evaluation, as this would inflate the actual flexibility of the overall system. If it does require expansion or contraction, only the dimensions that require this capability are used to evaluate the flexibility. This is done to keep individual dimensions which do not require flexibility from inflating the flexibility score.
The contraction restriction matrix also serves to identify nested subsystems. Placing subsystems within another subsystem limits flexibility. Regardless of whether or not space has been allocated for expansion, this ultimately puts added constraints on the design and increases the chances of change propagation. This is referred to as interface coupling by Ulrich [13] . Subsystem A is considered to be nested in Subsystem B if both directions of any dimension plus an additional dimension are constrained by Subsystem B. Quantification of the impact of nesting is an area of future work; the metric currently does not impart an additional geometric penalty for nesting.
Assessing the system architecture from a component layout is intended to identify areas requiring more flexibility or a modification of the component layout. A secondary benefit of the analysis is in the process of filling out the Expansion Restriction and Contraction Restriction Matrices, unnecessary nesting or restrictions on subsystems may be identified.
Upon studying the proposed layout of the coffee maker (which can be seen in Tables A5 and A6 of the Appendix), it can be seen that three different subsystems are nested in the lower housing. While the lower housing is intended to encase numerous components, this means there must be enough geometrical flexibility present in both the subsystems enclosed as well as the lower housing. By looking at the results from the Expansion Analysis (Table A5) , we can see that while the lower housing limits the flexibility of the Control Assembly and the Heating Assembly, the main area of concern is the Filter Basket-Carafe Assembly relationship.
The low flexibility scores (0.1/1.0) indicate that neither subsystem can expand to achieve their target ranges. The target ranges were set based on the premise that the coffee maker could increase the volume of coffee to be brewed by scaling the Upper Housing, Carafe Assembly, and Filter Basket in the ydimension, as well as expand the control assembly. If this issue is addressed (possibly by changing how the system expands) the average expansion flexibility (currently 0.698/1.0) for the system will increase to a more acceptable level. An example Geometry Flexibility calculation is shown in Table 4 for the Heating Assembly. Note that there is competition with the Control Assembly for space in the x-dimension. The restriction is calculated as follows: 
AGGREGATION OF FLEXIBILTY INFORMATION
Using the various metrics the overall flexibility of the system can be evaluated. The overall system flexibility is impacted by the interface, flow, and geometry flexibility. Mass dimensional flexibility is affected by all three of these, while length dimensional flexibility is affected primarily by the geometric flexibility. These three types of flexibility form the axes of a flexibility cube, shown in Figure 5 . Low scores on any individual flexibility may be areas of concern, while high scores are likely to be sufficient. What constitutes a low and high score is influenced by how ambitious target ranges are set, but an estimate of 0.3 and 0.7 for low and high cutoff ranges respectively is probably typical.
While the axes are shown to be orthogonal as the flexibilities are not directly related, the ability to move in the flexibility space will likely be coupled (e.g. to improve flow flexibility, the geometric flexibility may also have to be improved). The relevance of various endpoints to design flexibility and resulting (re)design decisions are explored. However, due to design constraints, this may not be feasible. Depending on how the system is supposed to adapt for mass customization, certain types of flexibility may be more desirable.
Point G: This point represents an ideal flexible system. Point H: This point represents a design which has poor interface flexibility. A large number of interfaces and the connection methods used between subsystems cannot fulfill the desired flow ranges. If modules are being used to cover the different flows, this poor interface flexibility should raise a concern. This may require a reworking of the product architecture to simplify the connections and facilitate design of individual modules. Point C: This point indicates a design with good coverage of desired flows, and a simple, yet effective connection of subsystems. However, the lack of geometrical flexibility increases the chances of change propagation as the design progresses, and limits the ability to adapt to users of different sizes. Point F: This point indicates a design that has high geometric flexibility and a simple, effective means of connecting subsystems, but lacks the coverage of desired flow. This location may indicate that (more) modules need to be added to cover the desired target ranges. If a modular approach is undesirable, the subsystems generating the inflexibility must be redesigned to handle a larger range of flows. The geometric flexibility should allow these modifications to be achieved. Points D, E, and B: These points represent situations when two areas of flexibility are limited, indicating that the proposed system architecture will likely require significant redesign to make it suitable for mass customization. Near Point D, the system has a complex connection of subsystems that is not capable of delivering the available flows from one subsystem to the next. In addition, the product layout is cramped, and there is little room for expansion. Point E represents a design that has a flexible geometry layout, but a high connectivity with poor capability of handling and transporting flows. At Point B the system has a simple method of connections that are capable of delivering flows, but the subsystems cannot handle them, and the geometry is constrained, making it harder to modify the system.
Figure 5. Flexibility Evaluation
The intended purpose of the metrics is not to generate specific redesign ideas, rather to identify areas of available improvement. This may require looking further into the details of the individual metrics (e.g,. looking at the number of proposed interfaces for individual subsystems). If subsystem inflexibility is a result of a single subsystem-subsystem relationship, a targeted redesign of this relationship can be completed. If inflexibility stems from numerous subsystems, it may indicate a larger problem, namely an overall system architecture problem.
Looking at the results of the flexibility analysis of the coffee maker (shown in Figure 5 ), it can be seen that it is flexible in terms of the flows and connections it contains. There is ample power still available for added electronic features (e.g., improved controls), and the material flow is limited by the filter and grounds penetration speed (which is required for the coffee to properly brew).
What needs additional flexibility is the geometry of the lower housing which has several subsystems nested in it, and contains a large number of interfaces. The upper housing is fairly independent of the lower housing, and could potentially be a module which allows the user to select the overall volume of the system. As indicated by the geometry analysis, the carafe which would have to expand to accommodate the increased volume is constrained by the filter basket and upper housing, both of which will likely have to change to accommodate the new volume.
The control assembly is currently restricted by the lower housing and heating assembly which is also restricted by the lower housing (this again reinforces the need for the lower housing to have flexibility built into it). Another option is to move the controls to an alternate location and change the overall system architecture. If the controls (on/off switch) were moved to what is currently the side of the system, there would be increased room for the expansion of the control panel. Figure 6 shows the current product, along with a coffee maker which has the potential to be a more flexible product architecture. The main components are in separate areas of the product, which should reduce the number of unnecessary interfaces and make it easier to build in geometric flexibility. 
CLOSURE
This body of work proposes a first step towards quantitative flexibility metrics based on information for three critical areas of product flexibility: flows between subsystems, interfaces between the different subsystems, and the overall product layout. These metrics utilize early design process information to identify potential areas of inflexibility earlier in the design process. Matrices for the evaluation of product capabilities are proposed to facilitate both the qualitative and quantitative analysis of flows, interfaces, and geometry. While the context of the paper is for mass customization, the basic approach should be adaptable to other types of product design beyond design for mass customization.
An implicit assumption of this work was that the different areas of flexibility are independent, and that the design space is mapped linearly to the performance space. Future work includes refining the flexibility metrics as more information is gathered from case studies, and products of increased complexity are considered. This includes further examining the coupling and interaction between the flexibility types, as well as potentially including other types of product flexibility if they are identified. The ability to work in uncertainty of information is important, as there will be a degree of uncertainty associated with design information in early product design, and in the customer preferences (which affects the target ranges). The relative importance of all the subsystems is treated as equal in the current metrics; assigning preferences to which subsystems must be the most flexible may be of value, as typically there are key features in a system which take precedence. 
